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The Saccharomyces cerevisiae CRY1 and CRY2 genes, which encode ribosomal protein rp59, are expressed at
a 10:1 ratio in wild-type cells. Deletion or inactivation of CRYI leads to 5- to 10-fold-increased levels of CRY2
mRNA. Ribosomal protein 59, expressed from either CRYI or CRY2, represses expression of CRY2 but not
CRYI. cis-Acting elements involved in repression of CRY2 were identified by assaying the expression of
CRY2-lacZ gene fusions and promoter fusions in CRYI CRY2 and cryI-A CRY?2 strains. Sequences necessary and
sufficient for regulation lie within the transcribed region of CRY2, including the 5’ exon and the first 62
nucleotides of the intron. Analysis of CRY2 point mutations corroborates these results and indicates that both
the secondary structure and sequence of the regulatory region of CRY2 pre-mRNA are necessary for repression.
The regulatory sequence of CRY2 is phylogenetically conserved; a very similar sequence is present in the 5’ end
of the RP59 gene of the yeast Kluyveromyces lactis. Wild-type cells contain very low levels of both CRY2
pre-mRNA and CRY2 mRNA. Increased levels of CRY2 pre-mRNA are present in mfr mutants, defective in
mRNA transport, and in upfl mutants, defective in degradation of cytoplasmic RNA, suggesting that in
wild-type repressed cells, unspliced CRY2 pre-mRNA is degraded in the cytoplasm. Taken together, these
results suggest that feedback regulation of CRY2 occurs posttranscriptionally. A model for coupling ribosome

assembly and regulation of ribosomal protein gene expression is proposed.

The expression of ribosomal genes is coordinately regulated
so that equimolar amounts of rRNAs and ribosomal proteins
accumulate for assembly into ribosomes. The rate of synthesis
of ribosomal molecules is also tightly coordinated with the
physiological state of cells (reviewed in references 72 and 73).
Coordinate synthesis of yeast ribosomal proteins is controlled
primarily at the level of transcription of their genes through
one of two common upstream activating sequences, UASgpg
or UAS (reviewed in references 72 and 73). Posttranscrip-
tional controls provide mechanisms for fine-tuning the expres-
sion of individual ribosomal protein (rp) genes (1, 7, 14, 41, 50,
53, 64, 69).

Balanced accumulation of ribosomal proteins in Escherichia
coli results from feedback regulation of their expression (re-
viewed in references 47 and 48). Certain E. coli ribosomal
proteins, when synthesized in excess of the rRNAs to which
they bind in the assembling ribosome, repress expression of
their own operons. Four eukaryotic rp genes have also been
found to be autogenously regulated. Yeast ribosomal protein
32 binds to a structure comprising the 5’ exon and the first
few nucleotides of the intron of RPL32 pre-mRNA and blocks
its splicing (15, 67). L32 also regulates the translation of its
own mRNA through a similar secondary structure formed in
the 5’ end of the mature mRNA (8). Expression of the yeast rp
gene RPL?2 is autogenously controlled at the level of mRNA
accumulation (53). The Xenopus laevis gene that encodes the
homolog of yeast rpL2 is also feedback regulated but at the
level of pre-mRNA splicing (5). Transcription of the mamma-
lian RPS14 gene that encodes the homolog of yeast rp59 is
autogenously regulated (62).
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To understand balanced expression of yeast rp genes, one
must take into account the fact that about half of the yeast
ribosomal proteins are encoded by two genes and half are
encoded by single-copy genes (reviewed in references 72 and
73). In the cases examined, both copies of the duplicated genes
are expressed, at ratios ranging from 1:1 to 10:1 (1, 13, 49, 54,
57, 63, 68). mnRNAs and proteins expressed from single-copy rp
genes as well as from duplicated rp genes accumulate in
equimolar amounts in the cell (20, 29). How this balanced
expression occurs is unclear.

To investigate the mechanism for balanced expression of
yeast rp genes, we are studying the CRYI and CRY2 genes,
encoding rp59. This protein is an essential component of 40S
ribosomal subunits and is necessary for their assembly. CRY1
mRNA is present at 8- to 10-fold-higher levels than CRY2
mRNA in wild-type cells (49). However, yeast cells in which
CRY1 is deleted grow at nearly wild-type rates and contain
about 80% of wild-type amounts of CRY mRNA and 40S
ribosomal subunits (49). These results suggest that expression
of rp59 from CRY?2 might be increased upon deletion of CRY1.

In this study, we investigated the mechanism of regulation of
CRYI and CRY2. We found that the level of CRY2 mRNA is
increased about 5- to 10-fold when CRY1 is deleted or inacti-
vated. Expression of CRY2 but not CRY1 is repressed by rp59
expressed from either CRY gene. cis-Acting regulatory se-
quences, including the 5" exon and the first 62 nucleotides of
the intron of CRY2, are necessary and sufficient for repression
of CRY2. Analysis of point mutations in the regulatory region
demonstrated that repression is mediated by the secondary
structure as well as the sequence of CRY2 pre-mRNA. CRY2
pre-mRNA accumulates in mtr and upfl mutants blocked in
nuclear export or cytoplasmic turnover of RNA, indicating that
in wild-type cells, CRY2 pre-mRNA is normally exported to the
cytoplasm and degraded. We discuss models for regulation of
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TABLE 1. Yeast strains used in this study

Strain Relevant genotype Source or reference

JTYS1 MATa CRYI cry2-A1::LEU2 his3-A200 trpI1-Al leu2-A2 ura3-167 49

JTY82 MATa cryl-A2::TRP1 CRY2 his3-A200 trp1-Al leu2-A2 ura3-167 49

JTYS83 MATo CRYI CRY?2 his3-A200 trp1-Al leu2-A2 ura3-167 49
JWY3245 MATa cryl-A2::TRP1 CRY2 his3-A200 trp1-Al leu2-A2 ura3-167::CRY2-lacZ This study
JWY3246 MATa CRY1 CRY?2 his3-A200 trpl-Al leu2-A2 ura3-167::CRY2-lacZ This study
JWY3249 MATa cryl-A2::TRP1 CRY2 his3-A200 trpI1-Al leu2-A2 ura3-167::CRYI-lacZ This study
JWY3250 MATo CRY1 CRY?2 his3-A200 trp1-Al leu2-A2 ura3-167::CRYI1-lacZ This study
Ti2 MATa ura3-52 leu2-Al mtrl-2 A. Tartakoff
T8 MATa ura3-52 his3-A200 mtr2-1 A. Tartakoff
T34 MATa ura3-52 mtr3-1 A. Tartakoff
T140 MATa ura3-52 leu2 mtrl2-1 A. Tartakoff
yRP582 MATa ura3-52 leu2 rpbl-1 R. Parker
yRP689 MATa ura3-52 leu2 rpbl-1 xrnl::URA3 R. Parker
B-9037 MATo cycl-512 trp2-1 ura3-52 F. Sherman
B-9046 MATa cycl-512 trp2-1 ura3-52 upfl::URA3 F. Sherman
JWY3303 MATa ura3-52 mtr3-1 pZ1.37 This study
JWY3304 MATa ura3-52 mtr3-1 cryl-Al::=URA3 pZL37 This study

CRY?2 and for coupling the rate of ribosome assembly to reg-
ulation of expression of the duplicated CRY genes.

MATERIALS AND METHODS

Strains and nucleic acids. The yeast strains used in this work are described in
Table 1. The CRYI-lacZ (HindIlI-Bglll), CRY2-lacZ (EcoRI-BglIl), and CRY2-
lacZ (EcoRI-Nrul) “intronless” fusions are integrated at the ura3-167 locus of
yeast strains JTY82 and JTY83. All other CRY2-lacZ fusion constructs were on
CENG6-containing plasmids and were transformed into JTYS82 and JTY83 without
integration.

Established procedures were used for genetic manipulation of yeast strains
(59). DNA was transformed into yeast cells treated with lithium acetate (26). In
order to integrate CRYI-lacZ or CRY2-lacZ fusion constructs into the yeast
genome, plasmids containing the fusions were linearized within URA3 by diges-
tion with Stul and transformed into JTY82 and JTY83. Genomic Southern blot
analysis confirmed the expected pattern of integration at ura3-167. E. coli NM522
(Stratagene, La Jolla, Calif.) was used to propagate plasmids, and E. coli CJ236
(Bethesda Research Laboratories, Gaithersburg, Md.) was used for site-directed
mutagenesis. DNA manipulation and Southern analyses were performed as de-
scribed before (11).

Oligonucleotides. The oligonucleotides used for this study were as follows:
ZL1, 5'-GGGAATTCCTTCGTCATCTTGAAACATGG-3'; ZL4, 5'-GGCTT
GACAAATTCG-3"; ZL6, 5'-GTTATCGCGAGCTTGAACAAGGTCGTTAG
CCATTCTTAATTG-3'; ZL11, 5'-CCCGATCACAGATCTCCAACTG-3"; ZL
12, 5'-GGGTGAGCGCAGATCTCTATAACACAATAG-3'; ZL13, 5'-GCG
TAAATTCTAGACAACACCAAAAACTTGGG-3'; ZL14, 5'-GGGAATTCG
AAGACTGTTTTCTACATATC-3'; ZL15, 5'-GCAATTCTAGAGACAGAA
ACAGG-3'; ZL18, 5'-GCATACAGAAGGAATAGGATCCGCTTTTATACT
CG-3'; ZL22, 5'-CTCTTGCGATGAAGCATGCATACAGAAGG-3'; ZL23,
5'-CCCCTTTCACATACCGTTAGC-3'; ZL24, 5'-CCCCTTTCAGGTACCGT
TAGC-3'; Z1.28, 5'-CGTTAGCCATTCTTAAAAGCTTGTTATTGGGAGTT
G-3'; SWF5, 5'-GGAGTTGTTGATTTCAGATCTTTTTCTCTCTTGCG-3'; Z
L29, 5'-CCCCTTTCACGTAGCGTTAGCCATTC-3'; and ZL30, 5'-GAATAA
CTAAATGCTTTTAAACAGG-3'.

Construction of plasmids. All fusions of lacZ to CRYI or CRY2 were con-
structed by using the plasmid vectors of Myers et al. (46). The nucleotides of
CRY2 are numbered with respect to the major transcription start site, designated
+1, which is 33 nucleotides 5’ of the initiator ATG. Plasmids pZL54 and pZL50
containing CRYI-lacZ or CRY2-lacZ gene fusions at codon 107 or 108, respec-
tively, were described by Paulovich et al. (49).

Plasmid pZL33 is the EcoRI-Nrul CRY2-lacZ gene fusion cloned in the yeast
integrating plasmid YIp354 (46). The intronless CRY2-lacZ fusion plasmid
pZL35 was derived from pZL33 by precise deletion of the CRY2 intron, achieved
by PCR with oligonucleotides ZL6 and ZL1. The resulting fragment was digested
with EcoRI and Nrul and cloned into the EcoRI and Smal sites of plasmid
YIp354 to produce pZL35. pZL33 was converted to pZL37 containing a CEN6
sequence by in vivo recombination (40). pZL37 was used as the backbone for
making subsequent fusions and as the parent reporter construct to assay regu-
lation of CRY2 in subsequent experiments. pZL101 was derived from pZL37 but
contains a BamHI site at nucleotide —44 upstream of CRY2, created by site-
directed mutagenesis (30) with oligonucleotide ZL18.

DNA containing the Saccharomyces cerevisiae RP28 gene (43) was generated
by PCR amplification of the genomic sequences with oligonucleotides ZL14 and
ZL15. The PCR-amplified DNA was digested with EcoRI and Xbal and cloned

into plasmid YEp357 (46) to construct plasmid pZL106, containing an RP28-
lacZ gene fusion. In this construct, lacZ was fused in frame with RP28 at codon
65. A 0.3-kb EcoRI-BamHI fragment from this plasmid was used to replace the
0.5-kb EcoRI-BamHI fragment of pZL101 to construct plasmid pZL103, con-
taining RP28-CRY2-lacZ, in which the promoter of RP28 is upstream of the
EcoRI-Nrul CRY2-lacZ gene fusion.

To construct the CRY2-RP28 hybrid intron, a Bg/II site was created at nucle-
otide +105 within the CRY2 intron by site-directed mutagenesis with oligonu-
cleotide ZL11. The Bg/II-HindIII fragment from the resulting plasmid was re-
placed by the Nrul-HindIIl fragment of RP28-lacZ in pZL106 to construct
plasmid pZL107. The resulting CRY2-RP28-lacZ fusion has the CRY2 promoter
sequence and 5’ exon plus the first 62 nucleotides of the CRY2 intron fused to
nucleotide 163 within the RP28 intron. This construct also contains the RP28 3’
exon fused in frame at codon 65 to lacZ.

The RP28-CRY2-RP28-lacZ fusions were constructed by using the CRY2-
RP28-lacZ fusion. A BglII or a HindlIII site was created upstream of nucleotide
+1 or nucleotide +28 of CRY2 by site-directed mutagenesis with oligonucleotide
SWEFS or ZL28, respectively. The EcoRI-BamHI fragment or the EcoRI-HindIII
fragment of RP28 from plasmid pZL106 was used to replace the EcoRI-Bg/I1
fragment or the EcoRI-HindIII fragment of the CRY2-RP28-lacZ fusion to con-
struct the RP28-CRY2-RP28-lacZ (Bglll) and RP28-CRY2-RP28-lacZ (HindIII)
fusions, respectively. In the Bgl/II fusion, all of the 5’ nontranscribed sequences
of CRY2 were replaced by those of RP28. In the HindIII fusion, sequences
upstream of nucleotide +28 of CRY2 were replaced by those of RP28. Therefore,
the HindlII fusion utilizes the transcription start site of RP2S. Both fusions
contain the CRY2-RP28 hybrid intron that has the first 62 nucleotides of the
CRY?2 intron fused to the 3’ 284 nucleotides of the RP28 intron.

A 2.2-kb HindIII fragment containing the CRY! gene (31) was cloned into
pRS313 (60) to construct pRS313CRY1. A 3.0-kb EcoRI-BamHI fragment con-
taining CRY2 was cloned into pRS313 to construct pRS313CRY2. The stop
codon TAG was inserted in frame with the open reading frame of CRY1 after
codon 18 or in frame with the open reading frame of CRY2 after codon 19 in
plasmids pRS313CRY1 and pRS313CRY?2, respectively, by site-directed mu-
tagenesis with oligonucleotide ZL13.

S1 nuclease protection assay. S1 nuclease protection assays were performed as
described previously (49). A 1.3-kb EcoRI-Bg/II CRY2 fragment extending from
nucleotide —551 5" of CRY2 to nucleotide +765 at codon 108 of CRY2 was **P
labeled at the Bg/II site and used to detect both CRY2 mRNA and pre-mRNA.
This probe also detects CRYZ mRNA, since the nucleotide sequences of the 3’
exons of CRY2 and CRY1 are very homologous. However, the sequences differ
slightly at the 5" ends of the respective 3’ exons (49). Therefore, several shorter
CRY2 DNA fragments are protected against S1 nuclease digestion when hybrid-
ized to CRYI mRNA than when hybridized to CRY2 mRNA (data not shown).
To circumvent this problem, a 2.0-kb EcoRI-Clal fragment from plasmid pZL37
containing the CRY2-lacZ EcoRI-Nrul fusion was 3*P labeled at the Clal site in
lacZ and used to detect CRY2-lacZ pre-mRNA and mRNA. This probe unam-
biguously distinguishes CRY2-lacZ pre-mRNA and CRY2-lacZ mRNA from
CRY1 mRNA. There are two protected fragments corresponding to CRY2-lacZ
mRNA,; the last nucleotide of the CRY2 intron is the same as the last nucleotide
of the 5’ exon, resulting in two protected fragments that differ by one extra
nucleotide. An 0.8-kb XbaI-BglII fragment from ribosomal protein gene RPLI
(11), 32P labeled at the Bg/lI site, was used to detect RPLI mRNA. The identity
of all of the protected bands was verified by their presence or absence in cryl-A
or cry2-A strains or by their size, confirmed by comparison to 3?P-end-labeled
BstEIl-digested A DNA as molecular size markers. Relative amounts of RNAs



6456 LI ET AL.

— CRY2 pre-mRNA

w — RPL1 mRNA

s — CRY2 mRNA

FIG. 1. Level of CRY2 mRNA is increased when CRY7 is deleted. RNA was
extracted from CRYI cry2-A (JTY81), cryl-A CRY2 (JTYS82), and CRY! CRY2
(JTY83) strains, hybridized to the 3?P-labeled EcoRI-Bg/lI CRY?2 fragment and
Xbal-Bglll RPL1 fragment, digested with S1 nuclease, subjected to electrophore-
sis on a denaturing polyacrylamide gel, and exposed to X-ray film. The positions
of protected DNAs corresponding to CRY2 pre-mRNA, CRY2 mRNA, and
RPLI mRNA are indicated. RPLI mRNA was used as a loading control. For
clarity, shorter protected fragments resulting from hybridization to CRY! RNA
are not included.

were quantified with an Ambis radioanalytic imaging system (Ambis Inc., San
Diego, Calif.).

B-Galactosidase assays. In order to assay B-galactosidase expressed in yeast
colonies grown on solid medium, patches of cells grown on YEPD or synthetic
medium were replica plated to medium containing X-Gal (5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside; 200 pg/ml) and incubated for 2 days at 30°C. For
quantitative B-galactosidase assays, cells grown to log phase in YEPD or syn-
thetic medium were harvested, pelleted by centrifugation, and frozen at —80°C.
Cells were lysed by vortexing with glass beads, and B-galactosidase was measured
as described by Deshmukh et al. (11). Each assay was done at least twice with two
independent transformants. B-Galactosidase activity is expressed as units of
B-galactosidase per milligram of protein.

Screen for CRY2 regulatory mutants. Random mutations that derepress
CRY2-lacZ were generated by PCR coupled with in vivo gap repair (45). Oligo-
nucleotides ZI.4 and ZL12 were used to amplify a fragment extending from
nucleotide —287 5" of CRY2 to nucleotide +302 within the CRY2 intron. PCR
amplification was done under several different conditions predicted to cause
misincorporation of nucleotides (37, 76). An Sphl site was generated upstream of
nucleotide —22 of CRY2-lacZ in pZ1.37 by site-directed mutagenesis with oligo-
nucleotide ZL22. The resulting plasmid, pZL144, was digested with Sphl and
BglII (at nucleotide +105 of CRY2) to generate a gap in the plasmid. The PCR
fragment was cotransformed with the gapped plasmid into JTY83. Ura™ trans-
formants were screened on plates containing X-Gal for mutants in which CRY2-
lacZ was derepressed. Plasmids were extracted from blue colonies as well as
some white colonies and retransformed into JTY83. The mutations were se-
quenced by PCR (3, 21). Expression of most of the mutant CRY2-lacZ RNAs was
also assayed by S1 nuclease protection.

RNA secondary-structure analysis. The RNA secondary structure predicted to
form within the 5" end of CRY2 pre-mRNA was identified by using the University
of Wisconsin Fold program (12), accessed through the Pittsburgh Supercomput-
ing Center.

RESULTS

The level of CRY2 mRNA is increased when CRY] is deleted.
To determine whether expression of CRY2 is increased upon
deletion of CRY1, we measured the amount of CRY2 mRNA in
yeast strains JTY83 (CRYI CRY2), JTYS82 (cryl-A CRY2), and
JTYS81 (CRYI cry2-A) by an S1 nuclease protection assay.
CRY2 mRNA is present at approximately 10-fold-higher levels
in cryl-A CRY2 strains than in CRY! CRY?2 strains (Fig. 1).
mRNA expressed from RPLI, a ribosomal protein gene whose
expression is not affected by deletion of CRY! (37a, 44), was
used as a loading control. Low levels of CRY2 pre-mRNA were
detected in both CRYI CRY2 and cryl-A CRY?2 strains (Fig. 1).
This result was corroborated by examining the levels of CRY2
mRNA upon termination of transcription of GAL-CRY1 in a
cryl-A CRY2 GAL-CRYI strain (44). The level of CRY2
mRNA was increased after shifting this strain from galactose-
containing medium to glucose-containing medium, in which
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transcription of CRY1 is repressed (data not shown). The rel-
ative expression of CRY1 or CRY2 was not changed when a
CRYI1 CRY2 strain was shifted from galactose-containing me-
dium to glucose-containing medium (data not shown). Taken
together, these results indicate that expression of CRY2 is
repressed in CRYI CRY?2 cells but derepressed upon deletion
or inactivation of CRY1.

Expression of CRY2 but not CRY1 is repressed in CRYI CRY2
strains. The amount of CRY7 mRNA is not detectably higher
in CRY1 cry2-A strains than in CRY! CRY?2 strains (data not
shown). Since CRY2 contributes only a minor proportion of
rp59 in wild-type strains, the level of rp59 might not be suffi-
ciently altered in CRY] cry2-A strains to noticeably affect ex-
pression of CRYI. To determine whether expression of CRY!
is sensitive to the levels of rp59 expressed from CRYI and
CRY2, we assayed expression of a CRYI-lacZ gene fusion in
cryl-A CRY2 and CRY1 CRY?2 strains. CRYI-lacZ and CRY2-
lacZ gene fusions were constructed in which lacZ was fused in
frame at codon 107 of CRY! and at codon 108 of CRY2 (49).
One copy of each of these gene fusions was integrated at the
ura3-167 locus of JTY82 and JTYS83.

The CRY2-lacZ gene fusion responds to deletion of CRY1 in
a manner identical to that of the wild-type CRY2 gene. The
level of CRY2-lacZ mRNA is 5.1-fold higher in the cryl-A
CRY2 strain (JWY3245) than in the CRYI CRY2 strain
(JWY3246) (Fig. 2, lanes 1 and 2). A similar result was ob-
tained when B-galactosidase activity expressed from this fusion
was assayed (see Fig. 4, construct A). Thus, a fusion of CRY2
to lacZ can be used as an accurate reporter for regulation of
CRY?2 expression. In contrast, nearly identical levels of CRY1-
lacZ mRNA and B-galactosidase activity were detected in both
cryl-A CRY2 (JWY3249) and CRYI CRY2 (JWY3250) strains
containing the CRY1-lacZ fusion (Fig. 2, lanes 3 and 4). There-
fore, expression of CRYI-lacZ is not regulated like that of
CRY2-lacZ or CRY2. We conclude that CRY2 but not CRY1 is
repressed in CRYI CRY?2 cells.

rp59 expressed from either CRY1 or CRY2 can repress CRY2.
To demonstrate that functional rp59 protein is necessary for
repression of CRY2, we tested whether a nonsense mutation in
CRY1 causes derepression of CRY2. JWY3245, a cryl-A CRY2
strain containing the CRY2-lacZ reporter, was transformed
with a plasmid containing wild-type CRY1 (pRS313CRY1) or
with a plasmid containing CRY1 bearing a nonsense mutation
after codon 18 (pRS313crylstop). CRY2-lacZ is derepressed
in both JWY3245 and JWY3245 transformed with the vector
pRS313 but repressed when plasmid-borne wild-type CRY!

o S ozmRNA

““‘ — RPL1 mRNA

1 2 3 4

FIG. 2. Expression of CRY2-lacZ but not CRYI-lacZ is repressed by rp59.
RNA was extracted from JTY82 (cryl-A CRY2) and JTY83 (CRY1 CRY?2) strains
carrying CRY2-lacZ or CRYI-lacZ integrated at ura3-167 and subjected to the S1
nuclease protection assay with 3?P-end-labeled RPLI and CRY2-lacZ DNA
probes.
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FIG. 3. rp59 protein expressed from either CRYI or CRY?2 can repress CRY?2.
Yeast strain JWY3245 (cryl-A CRY2 CRY2-lacZ) was transformed with the
plasmid vector pRS313, pRS313 bearing either wild-type CRY1 (pRS313CRY1)
or wild-type CRY2 (pRS313CRY2), or a plasmid containing a nonsense allele of
CRYI (pRS313crylstop) or CRY2 (pRS313cry2stop). The values represent the
average [-galactosidase activities measured in four independent experiments
with two different transformants (n = 8).

is present (Fig. 3). However, in cells transformed with
pRS313crylstop, CRY2-lacZ is derepressed. The derepres-
sion of CRY2-lacZ does not result from increased turnover
of CRY1 mRNA containing the early nonsense codon, since
CRY1 mRNA expressed from pRS313crylstop is present at
levels identical to those expressed from pRS313CRY1 (data
not shown). Thus, derepression of CRY2-lacZ is a result of
diminished amounts of functional rp59.

The amino acid sequence of rp59 encoded by CRY2 is 95%
identical to that of rp59 encoded by CRY7 (32, 49). In addition
to the conservative substitutions at codon 72 (K—R) and
codon 123 (S—C), the rp59 polypeptides encoded by CRY1
and CRY?2 differ by several amino acids at their amino termini.
To test whether rp59 expressed from CRY2 could repress
CRY2, we transformed a plasmid bearing CRY2 (pRS313
CRY2) into JWY3245. Expression of CRY2-lacZ is repressed
in these transformants, indicating that rp59 expressed from
CRY?2 can also repress CRY2-lacZ. Introduction of an in-frame
stop codon after codon 19 of CRY2 abolishes repression of
CRY2-lacZ (Fig. 3).

The amount of B-galactosidase expressed in pRS313CRY2
transformants is about threefold higher than in pRS313CRY1
transformants (Fig. 3). We infer from this result that CRY2 on
pRS313CRY?2 is repressed by rp59 and expressed at lower
levels than CRYI on pRS313CRY], resulting in decreased
repression of CRY2-lacZ. Alternatively, rp59 protein encoded
by CRY2 may function less well as a repressor of CRY2 than
rp59 encoded by CRY1.

Identification of cis-regulatory sequences necessary and suf-
ficient for repression of CRY2. To identify cis-acting sequences
at the CRY2 locus that are necessary and sufficient for its
repression, we constructed a series of CRY2-lacZ promoter
fusions and gene fusions and assayed their expression in CRY1
CRY2 and cryl-A CRY2 strains (Fig. 4). B-Galactosidase ex-
pression was measured for constructs A to E. In addition,
levels of CRY2-lacZ mRNA and pre-mRNA were assayed by
S1 nuclease protection for each construct as well as the wild-
type CRY2 gene. As described above, the EcoRI-BglIl CRY2-
lacZ fusion at codon 108 of CRY2 (Fig. 4, construct A) behaves
similarly to wild-type CRY2 (Fig. 2). The EcoRI-Nrul CRY2-
lacZ gene fusion that lacks all but the first 16 nucleotides of the
3’ exon of CRY2 is also regulated like CRY2 (Fig. 4, construct
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B). Precise deletion of the CRY2 intron from the EcoRI-Nrul
CRY2-lacZ gene fusion results in constitutive derepression of
this construct in CRY! CRY?2 strains (Fig. 4, construct C).

Because the 5’ nontranscribed sequences (NTS) of CRY!
and CRY2 are not identical except for conserved promoter
elements (49), the specific repression of CRY2 could be medi-
ated by sequences in the 5" NTS of CRY2. To test whether the
5" NTS of CRY2 is necessary for regulation of CRY2, sequences
upstream of nucleotide —44 of CRY2 or CRY2-lacZ were re-
placed with the 5" NTS from two other yeast genes, RP28 and
GALI, whose expression is not affected by deletion of CRY1
(data not shown). Expression of both promoter fusion con-
structs is regulated like that of the wild-type CRY2 gene (Fig.
4, construct D, and data not shown). Thus, the 3’ NTS, most of
the 3’ exon, and the 5’ NTS upstream of nucleotide —44 of
CRY?2 are not required for repression of CRY2, whereas the
intron is necessary.

To identify more precisely the regulatory sequences within
the CRY2 intron, a CRY2-RP28 hybrid gene was constructed
(Fig. 4, construct E). This chimeric gene contains the 5’ NTS,
the 5’ exon, and the first 62 nucleotides of the CRY?2 intron (at
nucleotide +105 of CRY2) followed by the 3’ 284 nucleotides
of the RP28 intron plus the first 81 nucleotides of the RP28 3’
exon, fused in frame to lacZ. Expression of this CRY2-RP2§-
lacZ tripartite hybrid gene is derepressed in a cryl-A strain and
repressed in a CRY strain, indicating that the 3’ 346 nucle-
otides of the CRY?2 intron are not necessary for its repression.

To further delineate essential regulatory sequences and to
identify sequences sufficient for regulation, two RP28-CRY2-
RP28-lacZ hybrid genes were constructed in which the only
CRY?2 sequence present is the transcribed sequence of CRY2
between either nucleotides +1 and +105 (Fig. 4, construct F)
or nucleotides +28 and +105 (Fig. 4, construct G). Both con-
structs are repressed in CRYI CRY2 cells but derepressed in
cryl-A CRY?2 cells, like the wild-type CRY2 gene (Fig. 4). Taken
together, these results demonstrate that sequences between
nucleotides +28 and +105 of CRY2 are sufficient for repres-
sion of CRY2.

Results with each of the fusion constructs were similar for
both B-galactosidase and S1 nuclease assays, although dere-
pression ratios were approximately twofold higher in 3-galac-
tosidase assays. Expression of constructs A to C, integrated in
single copy into the genome, was lower than that of construct
D, present on a CEN plasmid at 1 to 5 copies per cell. Low
levels of B-galactosidase and CRY2-lacZ mRNA were ex-
pressed from constructs E to G even in cryl-A cells, and large
amounts of CRY2-lacZ pre-mRNA were present in both CRY1
and cryl-A cells. These results with constructs E to G are
consistent with previous observations that chimeric introns are
poorly spliced (18, and references therein). The lower dere-
pression ratios for constructs E to G may also reflect the
presence of additional regulatory elements in the intron of
CRY?2. The high ratio for construct E may result from errors in
measuring very low levels of expression in CRY1 cells.

Nucleotide sequence of the regulatory region of CRY2 is
phylogenetically conserved. To assess the importance of the
regulatory sequences of CRY2, we compared the sequence of
CRY2 with that of genes encoding rp59 or its homologs in
other organisms. As shown in Fig. 5, the sequence from nucle-
otides +20 to +103 of S. cerevisiae CRY2 is 79% identical to
that of RP59 of the yeast Kluyveromyces lactis (33). The extent
of sequence identity decreases 3’ of nucleotide +103; there is
no obvious conservation of sequences between the 3’ 240
nucleotides of the CRY2 intron and the 3’ 590 nucleotides of
the RP59 intron except for the branch point sequences and the
3’ splice sites.
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FIG. 4. Nucleotide sequences necessary and sufficient for repression of CRY2 are confined to the transcribed region of CRY2, including the 5’ exon and first 62
nucleotides of the intron of CRY2. The top line is a diagram of CRY2. The UASgps sequences present in the 5" NTS of CRY2 and RP28 are represented by small
triangles. The structure and expression of each construct in CRYI CRY2 and cryl-A CRY2 strains are shown. The 5’ NTS (thin box), exons (thick box), and introns (line)
of CRY2 and RP28 and lacZ (dotted box) are shown as indicated at the bottom of the figure. The restriction sites used for cloning (constructs A, B, and C) and the
junctions between CRY2 and RP28 in constructs D, E, F, and G are also indicated. The ratios of the level of CRY2 mRNA or CRY2-lacZ mRNA in cryl-A CRY2 versus
CRY1 CRY?2 cells are shown in the last column. Constructs: A, EcoRI-Bglll CRY2-lacZ fusion; B, EcoRI-Nrul CRY2-lacZ fusion; C, EcoRI-Nrul intronless CRY2-lacZ
fusion; D, RP28-CRY2-lacZ fusion driven by the RP28 promoter; E, CRY2-RP28-lacZ fusion containing a hybrid CRY2-RP28 intron; F, RP28-CRY2-RP28-lacZ fusion
containing CRY2 sequence from nucleotides +1 to +105; G, RP28-CRY2-RP28-lacZ fusion containing CRY2 sequence from nucleotides +28 to +105. B-Galactosidase

activity is shown in units per milligram of protein. N.D., not determined.

The similarity between S. cerevisiae CRY2 and K. lactis RP59,
especially in the intron sequences, may be significant; noncod-
ing sequences of other S. cerevisiae genes and their K. lactis
homologs usually are not conserved. For example, the introns
of the ACT]I genes in the two species bear no resemblance (9).
An exception is RPL32. Two short stretches of sequences in
the 5" exon (including untranslated nucleotides) and the 5’ end
of the introns are conserved and are the target for feedback
regulation of RPL32 (8, 15, 67). There is no similarity in the
nucleotide sequences of the introns of S. cerevisiae CRY1 and
CRY?2 except for the conserved 5’ splice site, branch point
sequence, and 3’ splice site. This is consistent with the obser-
vation that CRY2 but not CRY1 is repressed by rp59.

Both the nucleotide sequence and the secondary structure of
CRY2 pre-mRNA are important for regulation. The results
described above show that the regulatory sequence of CRY2
lies entirely within the transcribed portion of the gene. Repres-
sion of CRY2 might occur at the level of transcription, via the
regulatory sequences identified within the 5’ transcribed por-
tion of the gene, or posttranscriptionally, mediated by the
nucleotide sequence and structure of CRY2 pre-mRNA. The

first 105 nucleotides of CRY2 pre-mRNA, comprising the reg-
ulatory region, are predicted to form a secondary structure
with a AG of —20.3 kcal/mol (—84.9 kJ/mol) (Fig. 6).

To further delineate the regulatory sequences of CRY2 and
to begin to test whether the sequence or structure of CRY2
pre-mRNA is important for regulation, we screened for ran-
dom mutations that derepress CRY2. Mutations were gener-
ated by PCR coupled with in vivo recombination (45) and
targeted to the interval between nucleotides —257 and +302 of
the CRY2-lacZ EcoRI-Nrul fusion construct. Derepressed mu-
tants were identified by screening for increased expression of
B-galactosidase from CRY2-lacZ in a CRYI CRY2 wild-type
strain. Subsequently, the levels of CRY2-lacZ pre-mRNA and
mRNA in these mutants in both CRY! and cryl-A strains were
assayed by S1 nuclease protection. By this approach, 24 differ-
ent point mutations that derepress CRY2-lacZ in a CRYI1 CRY2
strain were recovered (Fig. 6). We also sequenced a number of
CRY2-lacZ alleles that were not derepressed and identified 12
different silent mutations that have little or no effect on regu-
lation of CRY2 expression (Fig. 6). All of the mutations that
derepress CRY2-lacZ lie between nucleotides +38 and +89 of



VoL. 15, 1995

S.c.
K.1.

CRY2
RP59

FEEDBACK INHIBITION OF A YEAST RIBOSOMAL PROTEIN GENE

1 10 20 30
GAGAGAAAAAGACTGAAATCAACAACTCCCAATAACA-ATTAAG
[ L I O B (| ot e
TATTGTTTAAGCTTAGACCTCAGAGACCAGAAAAACATATCAAG

50 60 70 80 90 100
HGAAAGGGGTGATATCCTGTTTAAAACCATTTAGTTATTCTTTTTTTCA - GATGGA-GA'C
I TrErrer terre reereer e rerrerr el e
HGCGAGGGGTGGTATCCCGTTTAAAACCCTTTAGT TGTTCTTCAAGAAAGGATGGATARA

110 120 130 140 150 160
TGTGATCGGGTAGCGCATGATGTTATTATTGGAATTTTATTTTTTTTGCAACTTTGAAGC
e b e N N N
AACCATTGGAAAAAGTATG-GATTACTCTGATAAGTGTA - TTCGTGTGTGATTTTG-CGG

170 180 190 200 210 220
ACTCCTAACTATATTGCAATAGTGTTATGAGATGCTACTTATGTTTGTAAGGCCATGAAA
[ B N e e e | I 11
AGTCGTGTCGATGTTAGTTATCTGTAATG-GATTGTAACGTTAACACTTTCTTCAATCTC

6459

FIG. 5. Nucleotide sequence of the regulatory region of the CRY2 gene from S. cerevisiae is quite similar to sequences in the 5’ end of the RP59 gene from K. lactis.
The transcription start sites of each gene are underlined. The translation initiation codon ATG and the 5’ splice site GTACGT of each gene are shaded. Nucleotide

105, which is the 62nd nucleotide of the intron of CRY2, is indicated by an asterisk.

CRY?2. In contrast, the silent mutations were found both inside
and outside of this region. Seven of the silent mutations occur
at positions near the 5’ or 3’ end of the regulatory region,
suggesting that the regulatory region of CRY2 might be shorter
than that defined by the fusion constructs.

Eleven of the mutations that cause derepression of CRY2-
lacZ disrupt predicted base pairs in the CRY2 pre-mRNA.
Four other mutations create G - U base pairs that might sig-
nificantly weaken the stems. These results suggest that the
secondary structure of CRY2 pre-mRNA is important for reg-
ulation. Eight mutations are in nucleotides predicted to be
unpaired, suggesting that the nucleotide sequence of CRY2
RNA is important as well. One mutation, G54A, replaces a
G - U base pair with an A - U base pair, potentially increasing
the stability of the predicted secondary structure. All of these
mutations cause derepression of CRY2-lacZ, although the level
of derepression varies (Fig. 7). All of the mutations recovered
that derepress CRY2 are in nucleotides conserved between S.
cerevisiae and K. lactis. Some of the silent mutations are also in
conserved nucleotides. Some mutations were recovered multi-

Identical nucleotides are indicated by vertical lines.

ple times from independent PCRs. However, mutations were
not recovered in many of the nucleotides in this interval. Thus,
the mutagenesis is far from saturated. Because the screen for
derepression of CRY2-lacZ relies on B-galactosidase expres-
sion, mutations that interfere with splicing of CRY2-lacZ pre-
mRNA or translation of CRY2-lacZ mRNA would not have
been recovered by this approach.

To examine whether the predicted secondary structure
rather than just the sequence of CRY2 pre-mRNA per se is
important for regulation, we constructed two pairs of compen-
satory double mutations (C38U and G82A and G43U and
C76A [circled in Fig. 6]) that restore the predicted base-pair-
ings. While each of the single mutations results in increased
levels of CRY2-lacZ mRNA in CRYI CRY?2 cells, expression of
CRY2-lacZ is decreased to levels closer to those in the wild
type in each double mutant (Fig. 8). Therefore, restoration of
the predicted base-pairings also restores repression of CRY?2.
Taken together, these results with mutations in the regulatory
region of CRY2 demonstrate that the nucleotide sequence and
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FIG. 6. Predicted secondary structure of the 5’ end of CRY2 pre-mRNA and point mutations obtained by PCR or site-directed mutagenesis. Nucleotides are
numbered according to their position in the CRY?2 transcript. The translation initiation codon AUG and the 5’ splice site GUACGU are in boldface. Point mutations
are indicated above the sequence. Changes marked by solid arrows cause derepression of CRY2-lacZ, while those depicted by open arrows have no effect. The two
compensatory double mutations at nucleotides +38 and +82 and nucleotides +43 and +76 are circled.
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FIG. 7. Point mutations lead to derepression of CRY2. RNA was extracted
from JTY82 (cryl-A CRY2) and JTY83 (CRYI CRY2) transformants carrying
wild-type CRY2-lacZ or CRY2-lacZ containing point mutations, as indicated, and
subjected to the S1 nuclease protection assay. Mutations are named by listing the
wild-type nucleotide, the nucleotide position within the CRY2 transcript, and the
mutant nucleotide. The samples were run on separate gels. The unlabeled band
contains the DNA probe.

CRY2-lacZ pre-mRNA — |

CRY2-lacZ mRNA —

the predicted secondary structure of CRY2 pre-mRNA are
important for repression.

CRY2 is regulated posttranscriptionally. At what specific
step(s) does repression of CRY2 occur? It is not obvious that
splicing of CRY2 pre-mRNA is inhibited, since very little CRY2
pre-mRNA can be detected in CRYI CRY2 cells in which
CRY?2 is repressed (Fig. 1). CRY2 pre-mRNA may be tran-
scribed but specifically targeted for degradation before it has
an opportunity to be spliced. Alternatively, assembly of CRY2
pre-mRNA into splicing complexes could be specifically
blocked, so that unspliced pre-mRNA is then degraded by
default. In either case, turnover of the CRY2 pre-mRNA might
occur in the nucleus or upon export to the cytoplasm, as ob-
served for inefficiently spliced pre-mRNAs that contain early
nonsense codons (24). To test these hypotheses, we assayed the
effects of blocking polyadenylated mRNA export from the
nucleus in m#r mutants (27) and of inactivating mRNA turn-
over in upfl and xrnl mutants (25, 34).

Plasmid pZL37 containing the CRY2-lacZ EcoRI-Nrul fu-
sion was transformed into an mir3 temperature-sensitive mu-
tant strain, and CRY2-lacZ pre-mRNA and mRNA levels were
assayed by S1 nuclease protection analysis. Low levels of
CRY2-lacZ pre-mRNA and mRNA were detected in mir3 cells
grown at 23°C (Fig. 9, lane 1), as observed in wild-type MTR3
cells (Fig. 8, lane 2). However, both CRY2-lacZ pre-mRNA
and mRNA accumulate to high levels after m#r3 cells are
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FIG. 8. Compensatory double mutations that restore base-pairing of CRY2
pre-mRNA also restore repression of CRY2. RNA was extracted from JTY82
(cryI-A CRY2) and JTY83 (CRYI CRY?2) transformants carrying wild-type CRY2-
lacZ or CRY2-lacZ containing different point mutations and compensatory dou-
ble mutations, as indicated, and subjected to the S1 nuclease protection assay.
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FIG. 9. CRY2-lacZ pre-mRNA and mRNA accumulate in an m#r3 mutant
defective in nuclear export of polyadenylated RNA. RNA was extracted from
mtr3 CRYI (JWY3303) and mtr3 cryl-A (JWY3304) strains containing plasmid-
borne CRY2-lacZ grown at 23°C (lanes 1 and 3) and after a shift to 37°C for 2 h
(lanes 2 and 4) and subjected to the S1 nuclease protection assay.

shifted to 37°C for 2 h (Fig. 9, lane 2). Similar results were
obtained with three other mifr mutants tested, mitrl, mtr2, and
mtrl2 (data not shown) (27, 28). The accumulation of CRY2
pre-mRNA is not due to a heat shock effect, since no accumu-
lation of CRY2 pre-mRNA was detected after an MTR3 strain
was shifted to 37°C (data not shown).

We took advantage of the fact that the block of nuclear
RNA export in mtr mutants precludes cytoplasmic turnover of
transcripts to assess whether transcription or splicing of CRY2
pre-mRNA is derepressed in cryl-A versus CRY1 cells. In gen-
eral, transcription and splicing are not perturbed in mtr mu-
tants. For example, the amount of spliced CRY! mRNA is
identical in mtr strains grown at 23 or 37°C (27). The total
amount of CRY2-lacZ transcripts (pre-mRNA plus mRNA)
present in an mtr3 CRY1 strain is approximately equal to that
which accumulates in an m#3 cryl-A strain when both are
grown at 37°C (Fig. 9, compare lanes 2 and 4). Furthermore,
the ratio of unspliced CRY2-lacZ pre-mRNA to spliced CRY2-
lacZ mRNA (P/M ratio) is 2.5-fold lower in mt#r3 cryl-A cells
than in m#r3 CRY1 cells when both are shifted to 37°C for 2 h
(Fig. 9, lanes 2 and 4).

To examine whether CRY2 pre-mRNA is normally degraded
in CRY1 cells, we measured amounts of CRY2 pre-mRNA in
upfl and xrnl mutants. The UPFI gene product is involved in
the decay of cytoplasmic mRNAs containing early nonsense
codons (24, 34). CRY2 pre-mRNA contains a number of in-
frame stop codons within its intron, which is located near the
5’ end of the transcript (49). The yeast XRNI gene encodes a
5'—3" exoribonuclease (22, 25, 45a). Higher levels of CRY2
pre-mRNA are present in upfl-A and xrnl-A cells than in
otherwise isogenic UPFI and XRNI cells, respectively (Fig.
10). Taken together, these results with mtr, upfI-A, and xrni-A
mutants suggest that CRY2 pre-mRNA is transcribed in re-
pressed cells but spliced inefficiently. In derepressed cryl-A
cells, CRY2 pre-mRNA is spliced more efficiently to generate
higher levels of CRY2 mRNA.

DISCUSSION

Balanced expression of yeast ribosomal proteins cannot be
explained by a simple model of coordinate transcription of
each of the rp genes via common and equally functional en-
hancer and promoter elements and frans-acting transcription
factors. The dosage of rp genes is not equal; half are encoded
by two functional genes, and half are encoded by one gene. The
number and sequence of enhancer elements are not identical;
half of the rp genes contain one copy of either the UAS 5 or



VoL. 15, 1995

A B

N

& g ¢
/ /

#* - CRY2 pre-mRNA

® @ -RPL1IMRNA

CRY2 pre-mRNA- -
RPL7mRNA- . .

CRY2 mRNA - i & - CRY2 mRNA

FIG. 10. CRY2 pre-mRNA accumulates in yeast strains that are defective for
cytoplasmic RNA turnover. RNA was extracted from UPFI (B-9037) and upfI-A
(B9046) strains (A) and XRNI (yRP582) and xrm1-A (yRP689) strains (B) and
subjected to the S1 nuclease protection assay with *P-end-labeled RPLI and
CRY2 DNA probes.

UAS enhancer, and half contain two UASgpg elements. The
relative functionality of the UASs has not been quantified. This
complexity is exemplified by the duplicated CRYI and CRY2
genes encoding rp59. In wild-type cells, rp59 accumulates to
levels equal to those of other rps (20, 44). CRY1 is expressed at
8- to 10-fold-higher levels than CRY2 despite the fact that
CRY1 contains one functional UASgp5 and CRY2 contains
two UASgpgs- The functionality of these two UASs 5’ of CRY2
has not been examined. The specific repression of CRY2 but
not CRY1] described in this paper could account for the higher
levels of expression of CRYI than of CRY2 in wild-type cells.

From these results, we propose the following model in which
expression of the two CRY genes could be balanced with that
of other ribosomal protein genes, including single-copy genes,
and coupled to the rate of assembly of ribosomes. rp59 en-
coded by both CRY genes is synthesized in the cytoplasm and
imported to the nucleus, where it assembles into the 40S ribo-
somal subunit in the nucleolus. We assume that in wild-type
CRY1 CRY?2 cells, there is a small pool of unassembled rp59
protein, expressed from both CRYI and CRY2, present in the
nucleoplasm prior to its assembly into ribosomes. This unas-
sembled rp5S9 may directly or indirectly repress CRY2 expres-
sion via sequences present in the 5’ end of the CRY2 pre-
mRNA. When CRY1 is deleted or inactivated, the pool of
unassembled rp59 may shrink. Thus, CRY2 is derepressed to
levels sufficient to support nearly wild-type rates of assembly of
40S ribosomal subunits. This model explains the observation
that cryl-A CRY?2 strains contain 80% of wild-type levels of
CRY mRNA and 40S ribosomal subunits (49).

Our experiments demonstrate that regulation of CRY2 is
mediated by the secondary structure as well as the nucleotide
sequence of CRY2 RNA and therefore is unlikely to operate
via CRY2 DNA. Some mutations in the regulatory sequence
that cause derepression are in predicted unpaired nucleotides,
suggesting a requirement for specific sequences or RNA struc-
tures more complex than those in the predicted model. rpS9 or
other regulatory molecules may bind to and stabilize the sec-
ondary structure of CRY2 pre-mRNA, leading to repression
(Fig. 11). CRY2 is derepressed in the absence of free rp59.
Thus, the extent of repression or derepression could be a
function of the amount of unassembled rp59 within the nu-
cleus, determined by the rate of its assembly into ribosomes.
The predicted stem-loop and bulge structures of the regulatory
region of CRY2 pre-mRNA are reminiscent of other known
regulatory sequences recognized by RNA-binding proteins.
Additional experiments are under way to determine the struc-
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ture of CRY2 RNA, to examine its importance, and to ascer-
tain whether rp59 binds directly to the RNA.

The low, repressed levels of CRY2 pre-mRNA and mRNA in
CRYI CRY?2 cells might result from specific effects on either
transcription, splicing, localization, or turnover of CRY2 pre-
mRNA. The observation that the total amounts of CRY?2 tran-
scripts are not increased in m#r3 cryl-A versus mtr3 CRY1
mutant strains suggests that transcription of CRY2 pre-mRNA
is not attenuated via structure or sequences in the 5" end of the
transcript.

There are a growing number of examples showing that RNA
secondary structure participates in the regulation of splicing by
specifying splice sites, by interfering directly with splice site
selection, or by functioning as a negative cis-acting element
(reviewed in reference 4). Long-range base pair interactions
within introns have a positive effect on splicing by shortening
the effective distance between the branch point and the splice
sites (10, 18). On the other hand, stable hairpins that sequester
splicing signals strongly inhibit splicing (19, 38). The 5’ splice
site of CRY2 pre-mRNA is located within a stem-loop region in
the predicted secondary structure, which might make it inac-
cessible to or unrecognizable by the splicing machinery.

A block in splicing of yeast pre-mRNA usually is evident
from accumulation of unspliced pre-mRNA or of splicing in-
termediates (reviewed in reference 71). However, significant
amounts of unspliced CRY2 pre-mRNA might not accumulate
if splicing of CRY2 pre-mRNA were blocked prior to stable
association of the pre-mRNA with components of the splicing
apparatus. Under these conditions, the pre-mRNA might be
degraded either in the nucleus or upon export to the cyto-
plasm, as previously observed for inefficiently spliced yeast
pre-mRNAs (24). When nuclear export is blocked in mtr mu-
tants, both CRY2 pre-mRNA and mRNA accumulate. Under
these conditions, deletion of CRYI results in more efficient
splicing of CRY2 pre-mRNA, reflected by a decreased P/M
ratio (52). This result suggests that CRY2 pre-mRNA splicing
is affected by rp59.

To begin to determine whether repression of CRY2 occurs
upstream or downstream of particular steps in spliceosome
assembly and splicing, we tested whether repression is epistatic
with respect to different prp mutants blocked at different steps
in the splicing pathway. No epistasis was observed for prp39,
prp3, pip4, prp8, prpll1, pipl7, prpl8, prp20, prp22, and prp24
(data not shown) (23, 66). Thus, repression may occur up-
stream of PRP39, which is necessary for the formation of the
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FIG. 11. Model for regulation of CRY2. CRY2 pre-mRNA is targeted for
nuclear export and cytoplasmic degradation when it is repressed, whereas it can
associate with the splicing machinery and is spliced under derepressed condi-
tions. rpS9 or other regulatory molecules (R) may bind to and stabilize the
secondary structure of CRY2 pre-mRNA, leading to repression.
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earliest splicing complex, the commitment complex (39). cis-
Acting mutations in the 5’ splice site or in the branch point
sequence that block splicing but do not alter the predicted
secondary structure of CRY2 pre-mRNA do not affect repres-
sion of CRY2 (37b). These observations support the model that
repression of CRY2 might occur upstream of PRP39, prior to
the formation of the commitment complex. Several results
suggest that CRY2 pre-mRNA is spliced inefficiently even un-
der derepressed conditions. Unspliced CRY2 pre-mRNA is
present not only in CRY1 CRY2 cells but also in cryl-A CRY2
strains (Fig. 1) and in m#r3 strains shifted to 37°C (Fig. 9), in
which CRY2 pre-mRNA may be retained in the nucleus.

An alternative model for repression of CRY2 is that the
sequence and structure of CRY2 transcripts specifically target
them for nuclear export before they are committed to the
splicing pathway. Most pre-mRNAs are completely spliced be-
fore being exported to the cytoplasm, suggesting that introns
may function as nuclear retention signals until splicing is com-
pleted (35). RNA secondary structure has been implicated in
the export of several different mRNAs. For example, changes
in the stem-loop structure at the 3’ end of histone mRNA
affect its nucleocytoplasmic transport (70). The human immu-
nodeficiency virus type 1 Rev protein promotes the nuclear
export of unspliced or partially spliced RNAS via its interaction
with a highly structured viral RNA sequence, the Rev response
element (42). Studies carried out by Fischer et al. provide
evidence that Rev directly activates the export of pre-mRNA
molecules harboring the Rev response element and does not
interfere with pre-mRNA splicing (17). Our observation that
CRY?2 pre-mRNA accumulates to high levels in m#r mutants
when export of mRNA is blocked suggests that in wild-type
repressed cells, unspliced CRY2 pre-mRNA is exported to the
cytoplasm and degraded. We cannot rule out the possibility
that import of rp59 into the nucleus is blocked in these mir
mutants at the nonpermissive temperature, resulting in dere-
pression of CRY2. However, the mtr mutants used in this study
are not defective in the import of Noplp or histone H2B into
the nucleus (27). Although the experiments with the m#r mu-
tants suggest that CRY2 pre-mRNA is degraded in the cyto-
plasm, we cannot distinguish whether splicing is specifically
blocked or export is specifically stimulated by rp59.

The results of He et al. (24) suggest that inefficiently spliced
pre-mRNAs that are exported to the cytoplasm are substrates
for the nonsense codon-mediated RNA decay pathway. The
5'—3’ exoribonuclease Xrnlp degrades transcripts containing
nonsense codons in response to cis-acting downstream ele-
ments in the RNA and #rans-acting Upf proteins (22). The
increased levels of CRY2 pre-mRNA in upfi-A and xrni-A cells
suggest that some portion of unspliced CRY2 pre-mRNA may
be degraded by this pathway after it is exported from the
nucleus. We cannot rule out whether some CRY2 pre-mRNA
is specifically degraded in the nucleus, e.g., before it can be
spliced.

The mechanism of feedback regulation of CRY2 is reminis-
cent of that for bacterial rp genes, in that the sequence and
secondary structure of the CRY2 transcript are the target for
repression. The binding sites for E. coli L1, L10, S7, and S8
ribosomal proteins, like that predicted for CRY2, are charac-
terized by bulges and loops within short helical segments of the
rp transcripts (reviewed in references 47 and 74). However, it
has not yet been tested whether rp59 binds directly to CRY2
pre-mRNA, as is the case for bacterial ribosomal proteins and
yeast rpL32 (67, 74). Repression is coupled to ribosome as-
sembly in E. coli and occurs primarily at the level of transla-
tion. Repression of CRY2 occurs in the nucleus, where the
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presence of unassembled ribosomal proteins may be sensed, to
possibly couple expression with assembly.

In some respects, the feedback regulation of CRY2 is similar
to that of RPL32 of S. cerevisiae. In both cases, the sequences
and the structure of the 5’ ends of the transcripts are respon-
sible for the regulation (15; this study). However, the mecha-
nisms of regulation may differ. L32 protein binds to RPL32
pre-mRNA and blocks its splicing by preventing the associa-
tion of the U2 small nuclear ribonucleoprotein (67). Under
these conditions, RPL32 pre-mRNA accumulates. If CRY2 is
indeed repressed at the level of splicing, it might be blocked at
an earlier step, e.g., prior to commitment complex formation,
since unspliced CRY2 pre-mRNA does not accumulate in re-
pressed cells. The mammalian homolog of rp59, rpS14, can
bind to RPSI4 mRNA and to short antisense RNAs expressed
from the RPS14 gene. It has also been shown that rpS14 in-
hibits transcription of RPS14 in vitro (62). It will be of interest
to determine to what extent the mechanisms of feedback reg-
ulation of the yeast and human genes encoding these rps are
similar.

rp59 is a representative of the S14 ribosomal proteins that
are highly conserved across species. For example, the amino
acid sequences of rp59 protein encoded by the S. cerevisiae
CRY1I and CRY2 genes and the rpS14 protein encoded by the
mammalian RPS14 gene are 80% identical (31, 55). However,
the number, size, and location of introns within genes encoding
rp59 and its homologs differ radically (2, 6, 33, 51, 55, 65). The
yeast genes contain one intron interrupting codon 3 or 4,
whereas the metazoan genes contain multiple introns at dif-
ferent locations (56). Interestingly, the expression of the hu-
man RPS14 gene is feedback regulated at the level of tran-
scription (62). However, none of the metazoan S14 genes
contain any significant sequence similarity to yeast CRY2 out-
side of codon regions.

Two other pairs of yeast ribosomal protein genes, SSM1A4
and SSM1B and RPL4A and RPL4B, may be subject to feed-
back regulation similar to that for CRY1 and CRY2. For each
of these pairs of genes, deletion of one gene leads to increased
expression of the other but not vice versa (48a, 51a). It remains
to be seen whether other uncharacterized ribosomal protein
gene pairs are subject to the same kind of control as CRY7 and
CRY2.
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